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A large experimental program is underway to extend the sensitivity of direct detection experi-
ments, searching for interactions of Dark Matter with nuclei, down to the neutrino floor. However,
such experiments are becoming increasingly difficult and costly due to the large target masses and
exquisite background rejection needed for the necessary improvements in sensitivity. We investigate
an alternative approach to the detection of Dark Matter–nucleon interactions: Searching for the per-
sistent traces left by Dark Matter scattering in ancient minerals obtained from much deeper than
current underground laboratories. We estimate the sensitivity of paleo-detectors, which extends far
beyond current upper limits for a wide range of Dark Matter masses.
Introduction The gravitational effects of Dark Mat-
ter (DM) are evident at length scales ranging from the
smallest galaxies to the largest observable scales of our
Universe. However, despite much experimental effort, the
nature of DM is as yet unknown.
Weakly Interacting Massive Particles (WIMPs) are
well motivated DM candidates. A large ongoing ex-
perimental program exists to search for WIMP induced
nuclear recoil events in Direct Detection (DD) experi-
ments [1, 2]; signatures include annual [3–5] and diur-
nal modulation [6]. The only experiment with positive
results is DAMA, which reports a 9σ measurement of
an annually modulated signal compatible with WIMP
DM [7–9]. However, this result is in tension with null
results of other DD experiments which have set stringent
limits on the WIMP-nucleus interacting strength [10–17].
In the next decades, DD experiments are expected to
push into two different directions: Large scale detectors
using e.g. liquid noble gas targets, aim to obtain expo-
sures (defined as the product of target mass and integra-
tion time) of ε = O(100) t yr [18–22]. For WIMPs with
mχ . 15 GeV, the challenge is achieving low recoil energy
thresholds rather than large detector masses; solid state
detectors are envisaged to collect ε = O(10) kg yr with
recoil energy thresholds of O(100) eV [23, 24]. Recently,
nm-scale detectors [25, 26] and concepts using molecular
biology [27, 28] have been proposed to search for low-
mass WIMPs. Directional detectors [4] are being devel-
oped with the capability of determining the direction of
the incoming WIMPs [29–37].
In order to suppress backgrounds, any DD apparatus
must be built from radiopure material. To avoid cosmic
ray backgrounds, DD experiments are typically located
in deep underground laboratories.
In this letter and a series of papers in preparation, we
investigate an alternative approach to search for WIMP-
nucleus scattering. Instead of building a dedicated target
instrumented to search for nuclear recoils in real time, we
propose to search for the traces of WIMP interactions in
a variety of ancient minerals. Many years ago in a sim-
ilar approach, [38–43] looked at using ancient Mica to
detect monopoles and, subsequently, as a dark matter
detector. We use a variety of new materials and analy-
sis techniques. Whereas in conventional DD experiments
the observable is the prompt energy deposition of nuclear
recoil in the target material read out via e.g. scintillation,
ionization, or phonons, here the observable is the persis-
tent chemical or structural change caused in the material
by the recoiling nucleus. Conventional DD experiments
require high quantum efficiency of the detector to read
out the O(1) number of phonons, photons, or electrons
produced by the nuclear recoil. In our case one needs to
detect tracks with lengths of 1− 1000 nm.
One may use different technologies to measure the
tracks. The best track length resolutions can be achieved
by Helium-Ion Beam Microscopy (HIM) or cleaving the
material and subsequently scanning with Electron Mi-
croscopy (EM) or Atomic Force Microscopy (AFM). Such
read out allows for spatial resolution of O(1) nm. A dif-
ferent approach is to use three dimensional imaging tech-
nologies. Using X-ray microscopy (XRM), track length
resolutions of O(15) nm are feasible. Ultraviolet mi-
croscopy (UVM) allows for resolutions of O(150) nm. Al-
though the read-out of tracks with imaging technology
typically has worse spatial resolution, XRM and UVM
allow for faster processing of target material than HIM,
EM, or AFM. Thus, there is a trade-off between track
length resolution and feasible target masses.
In order to suppress cosmogenic backgrounds, we pro-
pose to use minerals obtained from deep underground;
e.g. from ultra-deep boreholes used for geological R&D
and oil exploration (see, e.g. [44–46]). This would offer
an overburden of up to O(12) km rock, corresponding to
O(30) km.w.e., making backgrounds induced by cosmic
rays negligible. The most relevant background sources
will be nuclear recoils induced by coherent scattering of
neutrinos (ν’s) off nuclei in the mineral, giving rise to the
so-called neutrino floor (ν-floor) in DD experiments [47],
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2and by neutrons (n’s) from radioactive processes scatter-
ing off the target nuclei.
There are a large number of possible minerals one may
use for such a search. Which of these should be used,
depends on a number of factors: The mineral must 1) be
readily available in cores from ultra-deep boreholes; 2)
have low concentrations of radioactive contaminants such
as Uranium, 3) preserve the tracks caused by the recoil-
ing nuclei for geological timescales; 4) have low molec-
ular number density yielding long tracks and, in turn,
good energy resolution; and 5) be suitable for the chosen
read-out method, e.g. for EM and AFM the minerals
must show perfect cleavage such that the target can be
cleaved. We investigate the mineral optimization prob-
lem for different ranges of WIMP masses in greater detail
in forthcoming papers.
For definiteness we use Halite (NaCl), Epsomite
[MgSO4 ·7(H2O)], Olivine [Mg1.6Fe2+0.4(SiO4)], and Nick-
elbischofite [NiCl2 · 6(H2O)] in this work. The former
two are examples of minerals found in marine evapor-
ites (MEs) for which we assume typical 238U impurities
of C238 = 0.01 ppb in weight. The latter two are exam-
ples of minerals found in Ultra Basic Rocks (UBRs), for
which we assume C238 = 0.1 ppb.
In the remainder of this letter, we estimate the sensitiv-
ity of paleo-detectors, focusing on spin-independent (SI)
WIMP-nucleus interactions as an example; we expect
our results to generalize to other types of interactions.
We will show that, with readily available O(500) Myr
old minerals, a few tens of mg of target material with
e.g. HIM are sufficient to probe SI WIMP-nucleon cross
sections that are one order of magnitude away from the
ν-floor for Xe detectors for WIMPs with mχ . 10 GeV.
Excellent track length resolution is less crucial for heavier
WIMPs since they induce longer tracks, yet larger detec-
tors are required to compete with existing experiments.
For mχ & 100 GeV, scattering cross sections 1 − 2 or-
ders of magnitude below current limits can be probed by
reading out O(100) g of target mass with XRM.
The sensitivity of our proposal far exceeds that of
Refs. [40–43] using ancient Mica. This is due to improved
read-out technology allowing for much larger exposure,
improved shielding from backgrounds due to using min-
erals from ultra-deep boreholes instead of from close to
the surface, and to using minerals different from Mica.
Dark Matter Signal The differential recoil rate per
unit target mass for a WIMP with mass mχ scattering
off a target nucleus with mass mT is given by(
dR
dER
)
T
=
2ρχ
mχ
∫
d3v vf(v, t)
dσT
dq2
(q2, v) , (1)
where ER is the recoil energy, ρχ the local WIMP
mass density, f(v, t) the WIMP velocity distribution,
and dσT /dq
2 the differential WIMP-nucleus scattering
cross section with the (squared) momentum transfer
q2 = 2mTER. For canonical SI WIMP-nucleon cou-
plings, the differential WIMP-nucleus cross section is well
approximated by
dσT
dq2
(q2, v) =
A2Tσ
SI
n
4µ2(χn)v
2
F 2(q)θ(qmax − q), (2)
where AT is the number of nucleons in the target nu-
cleus, σSIn the SI WIMP-nucleon scattering cross section
at zero momentum transfer, and µ(χn) the reduced mass
of the WIMP-nucleon system. The form factor F (q)
accounts for the finite size of the nucleus; we use the
Helm form factor [48–50]. The Heaviside step function
θ(qmax−q) accounts for the maximal momentum transfer
qmax = 2µ(χT )v given by the scattering kinematics. For
the velocity distribution we use a Maxwell-Boltzmann
distribution truncated at the galactic escape velocity and
boosted to the Earth’s rest frame as in the Standard Halo
Model [5].
From the differential recoil rate for given target nuclei
we compute the associated spectrum of ionization track
lengths. The stopping power for a recoiling nucleus inci-
dent on an amorphous target, dE/dxT , is obtained from
the SRIM code [51, 52] 1 and the ionization track length
for a recoiling nucleus with energy ER is
xT (ER) =
∫ ER
0
dE
(
dE
dxT
(E)
)−1
. (3)
Together with the recoil spectra obtained from Eq. (1)
and summing over the contributions from the different
target nuclei in the mineral weighted by the respective
mass fraction in the target, we obtain the track length
spectra for nuclear recoils induced by WIMPs. In Fig. 1,
we plot track length spectra induced by WIMPs incident
on Epsomite for mχ = 5 GeV (solid) and mχ = 500 GeV
(dashed), assuming σSIn = 10
−45 cm2, as well as back-
grounds discussed below. In this paper we assume that
the recoils from H and He nuclei do not give rise to re-
coverable tracks; the possibility of measuring them will
be considered in future work.
Backgrounds There are a number of possible back-
ground sources which must be mitigated. Nuclear scat-
tering events arising from cosmic ray induced neutrons
are greatly suppressed by using minerals from ultra-deep
boreholes with depths up to ∼ 10 km. In the deepest cur-
rent laboratories at O(2) km, the muon induced neutron
flux is O(103) cm−2 Gyr−1 [56]. We expect a neutron
flux of ∼ 1 cm−2 Gyr−1 by using minerals obtained from
a depth of 5 km, and at even larger depths of 10 km, the
expected flux is 10−8 cm−2 Gyr−1.
1 The results of this code differ by ∼ 10% from results of analytical
calculations of Ref. [53], which extends the Lindhard theory [54,
55] to lower energies as required for WIMP-induced recoils.
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FIG. 1. Track length spectra from recoiling nuclei in Ep-
somite induced by background ν’s (dotted), neutrons (n,
short-dashed) and WIMPs with mχ = 5 GeV (solid) and
mχ = 500 GeV (long-dashed), assuming σ
SI
n = 10
−45 cm2.
The vertical dash-dotted line indicates the length of 234Th
tracks from (238U→234 Th +α) decays. Resulting sensitivity
projections for WIMP signals are shown in the next Figure.
Background from intrinsic radioactivity can be sup-
pressed by choosing target minerals (e.g. UBRs or MEs)
which have low levels of contamination by highly radioac-
tive elements such as U or Th. Out of the contaminants,
β and γ emitters do not give rise to relevant background
as they lead only to ER . 10 eV recoils of the daugh-
ter nuclei and the emitted electrons and photons do not
produce persistent tracks themselves. α emitters are a
more serious problem. Due to the O(500) Myr integra-
tion time, typically the entire decay chains of heavy ra-
dioactive elements such as U and Th are recorded in
the mineral, leading to characteristic patterns of recoil
tracks [40]. Such patterns allow for efficient rejection
of these backgrounds. However, any target mineral will
contain a population of events where nuclei have under-
gone one single α-decay (1α) only. The most problematic
source is the 238U decay chain [57, 58] in which the ini-
tial decay produces one alpha and one daughter 234Th
nucleus. Ideally one would be able to reconstruct the
∼ 10µm α-track in order to reject these events. Even
with the pessimistic assumption that the α tracks are
not visible, the characteristic energy ER = 72 keV of the
234Th nucleus from the α-decay of 238U can be used to
reject this background.
The most relevant background induced by radioactive
sources are fast neutrons (n’s). Such n’s arise both from
spontaneous fission (SF) events as well as from (α, n) re-
actions of the α particles from radioactive decays with
nuclei in the target volume. Note that SF events them-
selves are easily rejected since the two heavy recoiling
nuclei with typical energies of order 100 MeV and their
subsequent decays lead to track signatures even richer
than chains of alpha decays.
We calculate the n-spectra from SF and (α, n) interac-
tions with the SOURCES code [59] and the induced nuclear
recoil spectrum with our own Monte Carlo (MC) simula-
tion. Note that our MC takes into account only elastic n-
nucleus scattering, yielding a pessimistic estimate of the
induced background. Other interactions such as inelastic
scattering and (n, α) interactions absorb a larger frac-
tion of the n-energy than elastic scattering. n-induced
backgrounds determine much of the mineral optimiza-
tion: Optimal targets contain H, which moderates the
fast neutrons effectively, and do not contain Li or Be
since these elements have large (α, n) cross sections lead-
ing to too large background.
Another relevant background arises from coherent
scattering of neutrinos (ν’s) off nuclei in the mineral,
where the ν’s come from the Sun, supernovae, and at-
mospheric cosmic ray interactions [47]. We use ν-fluxes
from Ref. [60].
The nuclear recoil spectrum due to the ν, n, and
1α backgrounds are converted to ionization track length
spectra analogously to the WIMPs. In Fig. 1, we plot the
induced track length spectra in Epsomite. Note, that the
normalization of the ν- and radioactivity-induced back-
grounds is fixed by the ν-flux and the concentration of
238U. The WIMP induced recoil spectra scale with σSIn .
Sensitivity Projection From the track length spectra
of signal and background, we estimate the sensitivity of
the proposed search using a simple cut-and-count analy-
sis. First, we account for the finite track length resolution
by sampling the spectrum and smearing each event
xobsT = x
true
T + ∆x(σx) , (4)
with the smeared (true) track length xobsT (x
true
T ) and
where ∆x is a random number with dimension length
drawn from a normal distribution with standard devia-
tion σx given by the track length resolution.
2 We use
σx = 1 (15) nm as benchmark values for HIM (XRM),
respectively.
We then optimize the lower and upper cutoff on the
track length for each WIMP mass hypothesis by comput-
ing the minimal WIMP-nucleon cross section for which
the signal-to-noise ratio satisfies
S√
Bν + Σ2νB
2
ν +Bn + Σ
2
nB
2
n +B1α + Σ
2
1αB
2
1α
≥ 3 ,
(5)
as a function of the track length cutoffs, with the smallest
allowed cutoff given by σx/2. Here, S (Bi) is the number
of signal (background) events between the lower and up-
per track length cutoffs, and Σi the relative systematic
error of the respective background, i = {ν, n, 1α}. We
also demand the number of signal events to be S ≥ 5.
2 In particular, the smearing turns the mono-energetic 234Th re-
coils from α events in Fig. 1 into a Gaussian.
4100 101 102 103 104
WIMP mass mχ [GeV]
10−48
10−46
10−44
10−42
10−40
W
IM
P
-n
u
cl
eo
n
cr
os
s
se
ct
io
n
σ
S
I
n
[c
m
2
]
σx = 1 nm; ε = 0.01 kg Myr
Halite
Epsomite
Olivine
Nickelbischofite
Xe ν-floor
current limits
100 101 102 103 104
WIMP mass mχ [GeV]
10−48
10−46
10−44
10−42
10−40
W
IM
P
-n
u
cl
eo
n
cr
os
s
se
ct
io
n
σ
S
I
n
[c
m
2
]
σx = 15 nm; ε = 100 kg Myr
Halite
Epsomite
Olivine
Nickelbischofite
Xe ν-floor
current limits
FIG. 2. The left (right) panel shows the projected sensitivity to SI WIMP-nucleon scattering using HIM (XRM) read-out for
an exposure of ε = 0.01(100) kg Myr. The different lines correspond to different target materials as indicated in the legend.
For reference, the light gray line shows the conventional ν-floor for DD experiments using Xe target taken from Ref. [61]. The
shaded area shows current DD limits [10, 14, 16, 17].
The systematic uncertainty of the ν-background is
given by extrapolating the ν-fluxes over the integra-
tion time of paleo-detectors, e.g. from varying super-
nova rates [62] or cosmic ray fluxes. We account for
this by choosing Σν = 100 %. For the radioactivity in-
duced backgrounds, we assume a systematic uncertainty
of Σn = Σ1α = 1 %.
Results Comparing to current DD limits, for lighter
WIMPs mχ . 10 GeV the sensitivity of paleo-detectors
is & 10, 000-fold better than current limits. A factor 10−
100 improvement is expected for heavier WIMPs mχ &
100 GeV. For intermediate mass WIMPs with 10 GeV .
mχ . 100 GeV, bounds from liquid Xe experiments are
comparable.
In Fig. 2, we show the projected sensitivity for the
example minerals Halite, Epsomite, Olivine and Nickel-
bischofite using either HIM (left panel) or XRM (right
panel) read-out. This figure demonstrates the potential
of paleo-detectors as well as the trade-offs between dif-
ferent targets and read-outs.
The example minerals were selected as representatives
of different classes of target minerals. Halite and Ep-
somite (Olivine and Nickelbischofite) are MEs (UBRs)
for which we assume 238U concentrations of C238 =
0.01 (0.1) ppb in weight. Halite and Olivine are very
common minerals, while Epsomite and Nickelbischofite
have chemical compositions making them particularly
well suited as target materials for paleo-detectors, in par-
ticular, they contain H which significantly reduces the
n-induced background.
Broadly speaking, there are two background regimes:
for lighter WIMPs, the background budget is dominated
by ν-induced nuclear recoils, while for heavier WIMPs
the dominant background is n-induced, cf. Fig. 1.
Lighter WIMPs mχ . 10 GeV give rise to relatively
short tracks. Thus, excellent track length resolution is
crucial. From the left panel of Fig. 2 we find that the
sensitivity to lighter WIMPs is approximately one or-
der of magnitude worse than the ν-floor for Xe experi-
ments. If we would assume Σν ∼ 5 %, as usual in the
calculation of the solar-ν induced background for DD ex-
periments [47, 60, 61], the sensitivity of paleo-detectors
would extend down to the Xe ν-floor. Note that differ-
ences in sensitivity between different target materials are
relatively small for mχ . 10 GeV.
For heavier WIMPs mχ & 10 GeV excellent track
length resolution is less important since tracks are typ-
ically sufficiently long. Instead, exposure becomes more
relevant. From the right panel of Fig. 2 we find that Ep-
somite and Nickelbischofite, the targets containing H, al-
low for sensitivity 10−100-fold better than current limits.
For such WIMP masses, the background is dominated by
n-induced recoils for the assumed 238U concentrations,
and H is an efficient moderator of fast neutrons, signif-
icantly reducing the number of induced nuclear recoils.
Further, the sensitivity of MEs is better than that of
UBRs since the n-induced background is proportional to
the 238U concentration.
Note, that apart from the finite track length resolu-
tion we assumed perfect track reconstruction. To the
best of our knowledge, no reliable estimate of corrections
exists for the materials considered;3 we leave such inves-
tigations to future work. Global corrections can be miti-
gated easily by larger exposures. The effect of energy- or
3 The particular case of track reconstruction by cleaving and etch-
ing Muscovite Mica has been discussed in Ref. [43].
5Z-dependent corrections can only be assessed on a case-
to-case basis.
Discussion We have discussed a method for DM
searches radically different from the usual Direct Detec-
tion approach. Instead of searching for WIMP-nucleus
scattering in a real-time detector, we propose to examine
ancient minterals for traces of WIMP interactions. Such
a search integrates over geological time scales of order
1 Gyr, yielding enormous exposure allowing for sensitiv-
ities far beyond current upper limits even for a simple
cut-and-count analysis.
While we only studied the sensitivity for canonical
spin-independent WIMP-nucleus scattering in this let-
ter, the proposed method is also sensitive to other types
of WIMP-nucleus interactions, such as canonical spin-
dependent interactions or more general interactions, e.g.
those found in the non-relativistic effective field theory
approach to WIMP-nucleon scattering [63, 64]. Qualita-
tively, we expect improvements in sensitivity with respect
to current bounds similar to the spin-independent case.
Further, since multiple target nuclei would be present
within a single mineral, one could search for A2T or other
dependence, and thus determine the type of WIMP-
nucleon interaction.
There are a number of interesting possibilities arising
from this approach we leave for future work. For exam-
ple, one could use a series of crystals of different ages.
The age of the oldest available crystals is larger than the
period of the Sun’s rotation around the galactic center.
Using standard methods, the age of the crystals can be
determined with an accuracy of a few % [65, 66]. If the
DM in the Milky Way is not smoothly distributed but in-
stead has significant substructure [67–71], the Earth may
well have crossed such denser DM regions during the ex-
posure time. Hence, while substructure usually renders
typical DD experiments less sensitive due to a decrease
in the local DM density, the signal one expects in ancient
minerals may well increase by orders of magnitude.
Another possibility is the use of paleo-detectors as neu-
trino detectors. The large exposure would allow to study
the ν-flux from e.g. the Sun, supernovae, or cosmic rays
more precisely.
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